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). Genetic differences in crops can be manifested in yield differences caused by plant species differences (difference by crop type) or by variety differences within a species (crop). Yields of crops are also significantly affected by the available resources, including water. Compared with grain sorghum mean yield, corn grain yield has increased at a higher rate over the past six decades (Eghball and Power, 1995; Hengsdijk and Langeveld, 2009; Lobell et al., 2009; Assefa et al., 2012 Assefa et al., , 2014 . The yield increase for grain sorghum has been greater than that of soybean and sunflower (Eghball and Power, 1995; Hengsdijk and Langeveld, 2009; Lobell et al., 2009) . Water requirements and the relationship between water use and the grain yield of these crops were also studied individually or comparatively Schlegel, 2006a, 2006b; Lamm et al., 2007; Tolk and Howell, 2008) . The water requirements for the initiation of grain yield from these and other research results are corn (~277 mm) > soybean (~198 mm) > grain sorghum (~176 mm) > sunflower (~138). However, most of these comparative studies are based on modeling or data collected from individual crop studies.
The objective of the present study was to evaluate and compare grain yield, crop water use, and profitability of corn, soybean, grain sorghum, and sunflower with limited irrigation. Our hypothesis was that, similar to fully irrigated environments where corn or soybean dominate and in dryland conditions where grain sorghum or sunflower are recommended, that one or two crops will stand out in limited irrigation conditions. (McVay et al., 2006) . The years 2001 and 2002 were for establishing the system and data from these years were not included in the analysis. The region is semiarid with a summer precipitation pattern with a mean April to October precipitation of 390 mm (Table 1) . The experimental design was a randomized complete block with a split-plot arrangement of treatments with four replications. The main plots were crops (corn, sorghum, soybean, and sunflower) in plots 54 m long by 18 m wide. Subplot treatments were three targeted irrigation levels (127, 254, and 381 mm) in plot sections 18 m long by 18 m wide each. Row spacing was 76 cm for all crops.
MATERIALS AND METHODS
Irrigation was applied with a linear-move sprinkler irrigation system (Valley Model 8000 linear-move sprinkler, Valmont Industries, Valley, NE) modified to control water applications by span sections. Irrigations were scheduled to supply water at the most critical water stress periods (beginning of flowering, flowering (blooming), and seed filling) for the specific crop and limited to 38 mm wk -1 (irrigations was scheduled to begin before flowering and to continue into grain filling with the initial and final irrigation days differing by crop). As irrigation level increased, the irrigation season was initiated earlier and terminated later in the growing season (Table 1 ). The irrigation amount for a particular plot remained constant throughout the study regardless of the crop. A corn-sunflower-grain sorghum-soybean crop rotation sequence, alternating grass and broadleaf crops, was followed for each plot. All crops were present each year but in a different plot depending on the previous crop in the plot and the rotation sequence. All crops were grown under no-till management and cultural practices of hybrid selection, fertility rates, weed control, etc. were selected to optimize production. Seeding rates were 76,000, 200,000, 380,000, and 60,000 seeds ha -1 for corn, grain sorghum, soybean, and sunflower, respectively. Starter fertilizer (ammonia polyphosphate, 10-34-0) was surface-dribbled to all crops at planting to supply 11 kg ha -1 of N and 15 kg ha -1 of P. Annual fertilizer rates of 269, 134, 134, and 0 kg N ha -1 for corn, sorghum, sunflower, and soybean, respectively, were applied for all irrigation levels. Planting date, harvest date, and hybrids varied by years or crops (Table 2) .
Soil water was measured at planting and harvest to a depth of 240 cm in 30-cm depth increments by neutron attenuation. There was a single neutron access tube (aluminum (6061) tubes, 39.50 mm i.d.; Precision Tube Co., North Wales, PA) in each plot. Eight measurements were centered at depths of 15, 45, 75, 105, 135, 165, 195 , and 225 cm. Irrigation amounts and rainfall during April to October were recorded at the experimental site (Table 1) . A 4.6-m length (providing a border between irrigation levels) of the center four rows (3.0 m total width) of each plot was machine-or hand-harvested after physiological maturity and grain yield was adjusted to 155 g kg -1 moisture for corn, 100 g kg -1 moisture for sunflower, and 125 g kg -1 moisture for grain sorghum and soybean. Yield components such as plant population and seed mass were measured, although the number of seeds m -2 was calculated for each crop on a per-plot basis. Water use was calculated by summing soil water depletion (soil water near emergence minus soil water after harvest), in-season irrigation, and precipitation. Water productivity (kg of grain yield produced per mm of water used) was calculated from water use and grain yield.
Analysis of the possible effects of crop type and irrigation level on grain yield, yield components, and soil water was conducted for the data of 2003to 2008 in SAS (SAS Institute, Cary, NC), consistent with design of the experiment (randomized complete block design with a split-plot arrangement). The response variables (grain yield, yield components, and soil water) were modeled against crop type, irrigation level, and their interaction as fixed variables and replication, year, and their interactions were random variables. Mean separation tests on treatments that showed significant differences at P = 0.05 were conducted using Tukey's honest significant difference test. Regression analyses were conducted using PROC REG of SAS to determine the relationships between crop yield and water use.
Economic analyses for the treatments were calculated using crop grain yields, crop inputs, and Kansas State University (KSU) Extension crop budget estimates. The cost-return analysis was based on the grain yield of corn, grain sorghum, soybean, and oil-type sunflower for each of the three irrigation level treatments averaged over the 2003 to 2008 period. The average prices of crop inputs and output crop selling prices in Kansas for the 2006 to 2008period were used in these cost-return budget calculations. Sunflower prices accounted for oil content premiums and discounts as were available at a regional oil-type sunflower processor. Information about irrigation water applications, plant populations, fertilizer applications, herbicide treatments, and no-tillage production planting and spraying regimes for each crop and experimental treatment over the 2003 to 2008 period Net returns over total non-land costs mm were combined with KSU crop input cost estimates used over the 2006 to 2008 period to estimate crop costs of production for each treatment. Other non-land costs of production from KSU crop budgets included in this analysis include: (i) crop consulting; (ii) irrigation equipment and well labor, depreciation, and interest; (iii) machinery costs, represented by custom rates for no-till planting and herbicide spraying operations; (iv) custom harvest costs based on Kansas custom rates; (v) other miscellaneous costs of production; and (vi) interest costs on a proportion of total non-land operating expenses.
In addition to the estimated value of crop production for each treatment, net government payments of $74 ha -1 were included in revenue estimates in these crop budgets. Crop insurance in these budgets was assumed to be "actuarially sound", meaning that the amount paid in crop insurance premiums over the 2003 to 2008 period was assumed to exactly offset or equal the amount of insurance payouts that would be received over that same period. Therefore, no crop insurance costs or revenues were included in these crop production budgets.
RESULTS
Grain yield and yield Components
There were significant crop × irrigation level ( Fig. 1) and year × irrigation level (Table 3) interactions for grain yield. The crop × irrigation level interaction was a result of the greater corn response to higher levels of irrigation compared with the other crops. Averaged over years, the yield of corn was greater than that of all other crops at all irrigation levels, followed by grain sorghum. Corn yield at 127 mm irrigation was only ~1.5 Mg ha -1 greater than grain sorghum yield, compared with 4.7 and 6.3 Mg ha -1 for corn compared with sorghum at the 254 and 381 mm irrigation levels, respectively. The year × irrigation level interaction occurred mainly because of variation in rainfall conditions between years, which, in turn, resulted in differences in the yield gap among different irrigation levels within a crop. Corn and grain sorghum grain yields at the lowest irrigation level (127 mm) did not differ in seasons with limited rainfall (2006, 2007, and 2008 ) compared with seasons with relatively greater rainfall (2004 and 2005) . Soybean and sunflower grain yields were, in most cases, similar to but lower than corn and grain sorghum yields at each irrigation level. There was no significant yield difference between soybean and sunflower at any of the three irrigation levels.
Within a crop, the response of grain yield to a change in irrigation level from 127 to 254 mm and from 254 to 381 mm was different for corn compared with the other three crops ( Fig. 1a ; Table 3 ). When irrigation increased from 127 to 254 mm, on average, the grain yield of corn significantly increased at a rate of 31 kg (ha mm) -1 . There was a significant corn grain yield increase of ~16 kg (ha mm) -1 when the irrigation level increased from 254 to 381 mm. The grain yield of sorghum, soybean, and sunflower increased significantly by 19, 16, and 33%, respectively, when irrigation level increased from 127 to 254 mm, but there was no significant yield increase for these crops (sorghum, soybean, and sunflower) when the irrigation level increased from 254 to 381 mm.
A greater slope was found for the relationship between the grain yield and water use of corn than for the other three crops (Fig. 1b) . For water use above 424 mm, corn yield was greater than that of the other three summer crops. The linear relationship between grain yields and water use also projects that for water use below 424 mm, grain sorghum can produce greater yields than corn and the other summer crops. Grain yield produced per unit of seasonal water use was far less for sunflower and soybean than for corn and sorghum but was similar between sunflower and soybean with slightly greater yield for soybean than for sunflower for a given amount of water use.
There was no significant difference in plant population and seeds m -2 for corn, sorghum, sunflower, and soybean as irrigation levels increased from 127 to 381 mm (data not included). However, the seed mass of corn increased by 26 and 23 mg per seed as irrigation levels increased from 127 to 254 mm and 254 to 381 mm, respectively (Fig. 2) . There was also a significant increase in soybean seed mass of 8 and 6 mg per seed as irrigation levels increased from 127 to 254 and 254 to 381 mm, respectively. There was no significant difference in seed mass for grain sorghum and sunflower that could be attributed to the irrigation level.
Available Soil Water and Crop Water Use
At the 127-mm irrigation level, available soil water at planting was relatively greater at the 0-to 30-cm soil depth compared with the deeper depths (Fig. 3a) . Available soil water sharply decreased between the 0-to 30-cm depth and the depth of 90 cm, but was similar for the remaining soil depths through to 240 cm. There was significantly less available soil water at planting in the 0-to 30-cm soil depth for corn compared with sunflower, perhaps because (i) the planting date of corn was earlier than that of sunflower and (ii) the soybean-corn sequence produced less residue than the corn-sunflower sequence. Otherwise, there was no significant difference in the available soil water at planting between crops at any depth.
For the 254-and 381-mm irrigation level plots, the available soil water at planting slightly decreased between the 0-to 30-cm depth and a depth of 90 cm, and did not significantly change afterward (Fig. 3b, c) . Available soil water below the 30-cm depth was significantly greater for the 254-and 381-mm irrigation levels than for the 127-mm irrigation level. Similar to the 127-mm irrigation level, there was also significantly more available soil water at planting in the upper soil profile of sunflower plots compared with corn plots in the 254-and 381-mm irrigation level plots.
Available soil water at harvest was relatively less but followed a similar trend to that of available soil water at planting in the 127-mm irrigation level plots (Fig. 3d) . Available soil water at harvest decreased between the 0-to 30-cm depth and a depth of 90 cm for grain sorghum and soybean but was similar for remaining soil depths through to 240 cm for all crops. There was a significant difference between available soil water at harvest in the 0-to 30-cm soil depth for corn and that of sorghum. Otherwise, there was no significant differences in available soil water at harvest among crops within any depth.
For the 254-and 381-mm irrigation treatment plots, available soil water at harvest was similar for the 0-to 30-cm depth to depths through to 240 cm for all crops (Fig. 3e, f) . There was less available soil water after corn harvest compared with the grain sorghum and sunflower harvests at the 0-to 60-cm depths with 254 mm of irrigation. There was no other difference in available soil water attributable to the different crops in either the 254-or 381-mm irrigation levels.
Available soil water at planting for the 240-cm soil profile did not differ between crops at any irrigation level (Fig. 4) . Available water at planting ranged from a mean of 197 mm for the 127-mm irrigation level plots to a mean of 300 mm for the 381-mm irrigation level plots. Available soil water at harvest for the entire soil profile differed significantly between corn and grain sorghum in the 381 mm irrigation level. Otherwise, there was no significant difference in the available water of the 240-cm soil profile between crops at any irrigation level. Available soil water at harvest ranged from a mean of 113 mm for the 127-mm irrigation level to a mean of 264 mm for the 381-mm irrigation level.
Crop water use increased for all crops as the irrigation level increased from 127 to 381 mm (Table 4) . Water use was similar for the crops at a similar irrigation level, except for sunflower, which had less water use than the other three crops at the two higher irrigation levels. On the other hand, crop water productivity did not differ by irrigation level for sunflower, grain sorghum or soybean. For corn, crop water productivity was higher at the greater irrigation levels (254 and 381 mm) compared with the lowest irrigation level (127 mm). Among the four crops, at all irrigation levels, corn had the highest water productivity, followed by sorghum. Sunflower and soybean had the lowest water productivity, with no significant difference between them.
Crop Season and Off-Season Soil Water Change
Soil water change in the crop season, defined as the difference between soil water at planting and at harvest, was affected by irrigation level, crop, and soil depth (Fig. 5a,b,c) . In general, crop season soil water change was negative in most of the soil profile. This means that soil water was lower at harvest compared with soil water at planting (water was depleted to support crop growth). Soil water depletion decreased as soil depth increased (i.e., the gap between soil water at planting and harvest was larger at upper soil profile depths than at deeper profile depths). In the 127-mm irrigation treatment, sunflower depleted soil water in the depths from 150 to 240 cm more than corn and soybean did, and at the 210-to 240-cm depth, sunflower depleted soil water more than the other three crops. At the 254-mm irrigation level, only sunflower and soybean soil water depletion differed significantly, with greater depletion induced by sunflower at deeper (180-240 cm) soil depths. There was no significant difference in soil water change between crops at any depth for the 381-mm irrigation level treatment.
Off-season soil water change, defined as the difference between soil water at the previous crop harvest and soil water at planting, significantly differed by crop at all irrigation levels in the upper soil profile (Fig. 5d, e, f) . Greater off-season soil water gain before sunflower compared with soybean was obtained in the 0-to 30-cm depth with the 127-mm irrigation level and the 0-to 60-cm depth with the 254-mm irrigation level. In addition, greater off-season soil water gain before sunflower compared with all other crops was obtained in the 60-to 90-cm depth with the 127-mm and 254-mm irrigation levels. Sunflower followed corn and this high off-season soil water gain before sunflower is possibly a result of the greater residue accumulation from corn that trapped off seasonal rain and snow.
Economic Analysis as Net Return
The economic cost and return analysis (Table 5) shows that it is profitable to continue to apply successively higher amounts of irrigation water to corn within the bounds of this study (i.e., in 127-mm increments of 127, 254, and 381 mm). Irrigated corn revenue and net returns continued to increase from 127 to 254 and 381 mm of irrigation water applied. Corn had the highest incremental returns among the crops. For grain sorghum, it was marginally profitable to apply an additional 127 mm of irrigation water to 254 mm but it was not profitable to apply the last increment of water to 381 mm (Table 4) .
For soybean, there were positive economic benefits from increasing irrigation from 127 to 254 mm but it was only marginally profitable to increase irrigation to 381 mm. (Table  4 ). Returns to annual non-land and management costs from a change in irrigation from 127 to 254 mm and from 254 to 381 mm for soybean was less than for corn and comparable to sunflower, but more than for grain sorghum. For sunflower, it was profitable to apply an additional 127 mm of irrigation water to 254 mm but it was not profitable to apply the last increment of water to 381 mm (Table 4) .
DISCUSSION
Our comparison of the grain yield of four major crops indicates that corn responded more to the application of irrigation water and yielded more than the other three crops at all irrigation levels (³127 mm) used in this experiment (Fig. 1) . Cereal crops (corn and grain sorghum) are expected to yield more than oil seed crops (soybean and sunflower). Stone et al. (1996) previously reported that 206 mm of irrigation water was the level above which corn yielded more than grain sorghum; for irrigation water amounts below 206 mm, grain sorghum was recommended over corn. In our results, however, corn yielded more than grain sorghum even at the 127-mm irrigation level. The discrepancy between the level suggested by Stone et al. (1996) and our results might be caused by possible differences in rainfall (amount and distribution) during the different study times (1974-1987 versus 2003-2008) , differences in soil water, different tillage conditions of the studies (till versus no-till), differences in the fertilizer level used, and differences in the crop sequence of the two studies. Since irrigation level cutoff values (i.e., the available amount of irrigation water above which corn and below which grain sorghum is recommended for expected better yield) are vulnerable to rainfall, available water in soil at planting, and other factors, we suggest a crop water use-and yield-based cutoff value (Fig. 1) .
The choice of planting corn or sorghum should be determined in consideration of the total available water expected from rainfall between planting and crop maturity, available soil water at planting, and available irrigation water. Corn and sorghum yield similar amounts with total seasonal available water of about 424 mm (Fig. 1b) , a water level at which both crops are expected to have an average yield of 7.3 Mg ha -1 . Therefore, where the expected yield of corn is >7.3 Mg ha -1 , corn is likely to out-yield grain sorghum. If the expected yield of corn is less than 7 Mg ha -1 , grain sorghum is likely to out-yield corn. This result is consistent with the findings of other researchers, who found greater irrigated corn over for corn than for the other crops, with values closer to our cutoff values (Hengsdijk and Langeveld, 2009; Lobell and Field, 2007; Assefa et al., 2012 Assefa et al., , 2014 .
The yield component that contributed most to yield change with increased irrigation level for corn was seed mass (Fig. 2) . This is finding similar to that of others that reported that seed mass is one of the yield components that contributed to yield increase for irrigated corn over dryland corn and minimal to no change for grain sorghum yield components across years or tested environments (Mason et al., 2008) . The minimal increase in yield with increasing irrigation that we have reported here for soybean and sunflower is also in line with other research data and reports (Kranz and Benham, 2001; Aiken and Lamm, 2006) .
The analysis of the available soil water at planting indicated that when water is limiting (e.g., in the case of the irrigation level of 127 mm), most of the available soil water is in the upper soil profile, whereas the lower profile was not recharged from offseason precipitation. The available soil water at planting in the 0-to 30-cm depth for sunflower was greater than for corn (Fig.  3a, b, c) . These two crops (corn and sunflower) were grown after soybean and corn, respectively. Soybean and corn at harvest did not show a significant difference in available soil water (Fig. 3d,  e, f) . Therefore, the reduced available soil water with corn could be a result of the earlier planting date and because corn followed a lower residue crop (soybean), whereas sunflower benefited from a later planting date and early summer precipitation and followed a higher residue crop (corn), which resulted in greater off-season soil water accumulation (Fig. 5 ). Sunflower and grain sorghum tend to use water deeper in the soil profile compared with corn, particularly at the lowest irrigation level ( Fig. 3; Fig.  5 ). Depletion of soil water by sunflower and grain sorghum at deeper depths than corn was reported for similar environments by other researchers (Lamm et al., 2013; Assefa et al., 2014) . Research shows that corn roots were usually not found deeper than 150 cm but sunflower and sorghum roots can extend to 250 cm and more (Stone et al., 2002 , Moroke et al., 2005 .
Economic analysis results indicate that total irrigation amounts beyond 381 mm may also have been profitable for corn if they had been used under these experimental conditions (Table 5 ). The results also indicate that total irrigation amounts for soybean up to 381 mm were marginally profitable under these conditions, though to a much lesser degree than for corn. Total irrigation amounts for grain sorghum beyond 254 mm were not profitable under these experimental conditions and the benefit of applying beyond 127 mm of irrigation water to sorghum was less than for the other crops. Similarly, total irrigation amounts for sunflower beyond 254 mm were not profitable and the benefit of applying beyond 127 mm of irrigation water to sunflower was less than for corn and soybean. Although relative profitability will change with changes in input costs and grain prices, the greater economic profitability of corn and soybean with greater irrigation over sorghum or sunflower is in agreement with reports by Lamm et al. (2007) , Klocke et al. (2014) , and Taylor and Brix (2013) .
CONCLUSION
In limited irrigation conditions [in the lowest irrigation (127 mm) level of this study], corn and grain sorghum yields did not differ in seasons with limited rainfall (2006, 2007, and 2008) compared with seasons with relatively greater rainfall (2004 and 2005) . Also, there were only small differences in total profit among the four crops. We concluded that producers have multiple crop choices in limited irrigation conditions with small yield and profit differences. At the highest irrigation level, there was no difference in soil water depletion among crops, crop water productivity was greater for corn than all other crops, and the crop water productivity of corn was greater than corn's water productivity at the lowest irrigation level (127 mm). Therefore, when irrigation amounts increased to 254 mm or more, the relative yield of corn compared with the other crops increased significantly to make corn the most profitable crop. Unlike our hypothesis, where we expected one or two crops to dominate under limited irrigation conditions, the results suggested that the number of crop choices are ample with limited irrigation but lessen with increased irrigation levels.
